Kinetics and thermodynamics of peroxydisulfate oxidation of Reactive Yellow 84  by Ahmadi, Mojtaba et al.
Journal of Saudi Chemical Society (2016) 20, 644–650King Saud University
Journal of Saudi Chemical Society
www.ksu.edu.sa
www.sciencedirect.comORIGINAL ARTICLEKinetics and thermodynamics of peroxydisulfate
oxidation of Reactive Yellow 84* Corresponding author. Tel.: +98 831 4274530; fax: +98 831
4283262.
E-mail address: m_ahmadi@razi.ac.ir (M. Ahmadi).
Peer review under responsibility of King Saud University.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.jscs.2013.07.004
1319-6103 ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Mojtaba Ahmadi a,*, Jamshid Behin a, A. Reza Mahnam ba Chemical Engineering Department, Faculty of Engineering, Razi University, Kermanshah, Iran
b Chemical Engineering Department, Faculty of Engineering, Shahrood Branch Islamic Azad, IranReceived 6 March 2013; accepted 11 July 2013
Available online 22 July 2013KEYWORDS
Kinetics;
Thermodynamics;
Degradation;
Reactive Yellow 84;
Potassium peroxydisulfateAbstract The aqueous degradation of Reactive Yellow 84 (RY84) by potassium peroxydisulfate
(K2S2O8) has been studied in laboratory scale experiments. The effect of the initial concentrations
of potassium peroxydisulfate and RY84, pH and temperature on RY84 degradation were also
examined. Experimental data were analyzed using ﬁrst and second-order kinetics. The degradation
kinetics of RY84 of the potassium peroxydisulfate process followed the second-order reaction kinet-
ics. These rate constants have an extreme values similar to of 9.493 mM1min1 at a peroxydisul-
fate dose of 4 mmol/L. Thermodynamic parameters such as activation (Ea) and Gibbs free energy
(DG) were also evaluated. The negative value of DGo and Ea shows the spontaneous reaction nat-
ural conditions and exothermic nature.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Among thousands of synthetic dyes used in the textile indus-
try, azo dyes constitute the largest and the most important
class of commercial dyes (Neamtu et al., 2002). Dye efﬂuents
contain strong color suspended solids, chlorinated organics,
surfactants, and heavy metals and they have variable pH, tem-
perature and COD (Rott,Minke, 1999). Simple chemical and
biological treatment was not sufﬁcient for the treatment ofthe mentioned pollutants. The use of these processes is limited
because their effectiveness signiﬁcantly impacts the pollution
proﬁle of wastewater (Lin and Lin, 1993; Li et al., 2009; Li
et al., 2010). Many publications refer to biological (either aer-
obic or anaerobic) and physicochemical methods for the treat-
ment of wastewater containing the dye. Disposal of these
synthetic dyes in industrial wastewater into the environment
risks aquatic life and contaminates water for human consump-
tion. The removal of dyes from wastewater is done through a
wide range of treatments, such as advanced oxidation
processes. The methods most commonly used are chemical
or electrochemical precipitation (Oladoja and Aliu, 2009), elec-
tro-coagulation (Parsa and Chianeh, 2012) photodegradation
processes ( Kumar and Bansal, 2012), biological treatment
processes, and adsorption on ﬂy ash(D. Sun et al., 2013). How-
ever, most of the dyes are found to be resistant to conventional
treatment processes (Ganesh et al., 1994) and the disposal
problem of precipitated wastes is the main disadvantage of
Figure 1 Molecular structure of Reactive Yellow 84
(C50H24Cl2N14 Na10O30S10).
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vanced oxidation processes (AOPs) are considered as one of
the most effective methods to degrade azo dyes, which involve
the generation of powerful oxidizing species such as hydroxyl
radicals (OH) that attack the dye molecules (Zhang et al.,
2009). In recent years, sulfate radical-based AOPs have proven
to be the very promising techniques for treating refractory pol-
lutants (Rastogi et al., 2009). Similar to hydroxyl radicals, sul-
fate radicals have a high redox potential (Eo: 2.6 V), which can
oxidize azo dyes into small molecules and carbon dioxide
(Gayathri et al., 2010). Compared to hydroxyl radicals, sulfate
radicals have a longer half-life (Zhang et al., 2009).
Among the advanced oxidation processes the homogeneous
AOPs employing peroxydisulfate (Xu and Li, 2010) and (Wang
et al., 2011) and UV/peroxydisulfate (Zhang et al., 2009) have
been found to be very effective in degrading dyes and pollutants.
The reactive azo dyes are the most important class of synthetic
organic dyes used in the textile industries and are therefore com-
mon industrial pollutants. These dyes are found to be
nonbiodegradable.
As a source of sulfate radicals, peroxydisulfate (S2O8
2) has
the advantages of high aqueous solubility and high stability at
room temperature (Xu and Li, 2010). The reactions of peroxy-
disulfate are generally slow at normal temperatures, the ther-
mal or photochemical activated decomposition of S2O8
2 ion
to SO4 radical has been proposed to accelerate the process
(House, 1962), as summarized in the following reactions:
S2O
2
8 !
heat=uv
2SO4 ð1Þ
SO4 þRH2 ! SO24 þHþ þRH ð2Þ
RH þ S2O28 ! Rþ SO24 þHþ þ SO4 ð3Þ
SO4 þHR! R þ SO24 þHþ ð4Þ
2R ! RR ðdimerÞ ð5Þ
(R is an organic matter).
In the oxidation process, sulfate ions will be produced as
the end-product (Maurino et al., 1997), which leads to a de-
crease in pH and an increase in salt content in the efﬂuent.
The SO4
2 is practically inert and is not considered to be a pol-
lutant; the United States Environmental Protection Agency
(USEPA) has listed it under the secondary drinking water
standards with a maximum concentration of 250 mg/L
(1.43 mM), based on esthetic reasons such as taste and odor
(Weiner, 2000). Reactive Yellow 84 (RY84), a dye widely used
in the textile ﬁnishing processes, was chosen as a model con-
taminant for our mineralization studies because it contains
aromatic rings that make it difﬁcult to treat with traditional
processes (Panizza and Cerisola, 2009). The oxidation mecha-
nism of aromatic rings by S2O8
2 ions is very sensitive to the
reaction conditions, monomer structure and solution pH va-
lue. Note that the oxidation of aromatic rings with persulfate
leads to the intermediate structures ( Panizza and Cerisola,
2009). Sohrabi et al. studied the photocatalytic degradation
of Direct Yellow 12 dye by using a different photocatalyst.
The best conditions of experimental parameters for the re-
moval of the dye have been determined (Sohrabi and Ghavami,
2010) and the treatment study of the dye is rather rare (O¨zacar
and Sengil, 2003). RY84 has the two monochlorotriazine an-chor groups. To date, various techniques, including electro-
chemical processes, ozonation, ultraviolet UV/H2O2
oxidation, the photo-Fenton and Fenton-like processes,
adsorption and microemulsions have been reported to destroy
RY84 (Szpyrkowicz et al., 2001; Koch et al., 2002; Neamtu
et al., 2002; Neamtu et al., 2004; O¨zacar and Sengil, 2003).
The research of (He et al., 2007) was conducted using sonolytic
ozonation for mineralization of C.I. RY84 in aqueous solu-
tion. Under the best conditions the efﬁciency of TOC removal
was 56% with sonolytic ozonation.
To our knowledge, limited works have been carried out to
investigate kinetics and thermodynamic studies on the peroxy-
disulfate process. RY84 was used as the target design in the
present study. The molecular structure of RY 84 was shown
in Fig. 1.
In this paper, the use of potassium peroxydisulfate to de-
grade RY 84 was proposed. Studies on the effect of initial
dye concentration, pH value, and temperature on color re-
moval are presented and discussed. Experiment data were ana-
lyzed using ﬁrst and second order kinetics, and
thermodynamics equations. The characteristic parameters for
each model have been determined.
2. Kinetics modeling of the process
In the present study, ﬁrst- and second-order reaction kinetics
were used to study the decolorization kinetics of RY84 by
the peroxydisulfate process. The individual expression was pre-
sented as below:
First-order reaction kinetics:
dC
dt
¼ k1;appC ð6Þ
Second-order reaction kinetics:
dC
dt
¼ k2;appC2 ð7Þ
By integrating the Eqs. (6) and (7), the following equations
could be obtained:
Ct ¼ Co  expðk1;apptÞ ð8Þ
1
Ct
¼ 1
Co
þ k2;appt ð9Þ
646 M. Ahmadi et al.where,
Ct: The concentration of RY84 at reaction time t (mM)
Co: The initial concentration of the RY84 (mM)
k1;app: The apparent rate constant of the ﬁrst-order kinetic
equation (min1)
k2;app: The apparent rate constant-of the second-order
kinetic equations (mM1 min1).
3. Materials and methods
3.1. Materials
Synthetic colored wastewater containing an organic model pol-
lutant (Reactive Yellow 84), commonly used as a textile dye,
was obtained from Boyakhsaz Company, Iran. Other chemi-
cals potassium peroxydisulfate (K2S2O8), sulfuric acid and so-
dium hydroxide were of laboratory reagent grade (Merck Co.,
Germany) and used without further puriﬁcation.
3.2. Experimental procedure
The total solution volume for all applied experimentswas 500 ml,
and process duration was 120 min. The temperature was con-
trolled through a thermostat. The required amounts of RY84
from stock solution into the reactor and then diluted with deion-
izedwater to 250 mL.ThepHof each solutionwas adjusted to the
desired value by adding 0.1 mol/L NaOH or 0.1 mol/L H2SO4.
The reaction was started by adding different amounts of potas-
sium peroxydisulfate solution to the reactor after the pH was ad-
justed.The start timewas recorded tomeasure the reactionperiod
when the potassiumperoxydisulfate solutionwas added. Samples
were periodically taken out of the reactor using a pipette and then
absorbancemeasurements of the reaction solutionswere immedi-
ately performed to avoid the experimental errors.
3.3. Analysis
Concentration of RY84 in solution at different times was ob-
tained by measuring the absorbance at maximum absorption
wavelength (226 nm) and the calculation of decolorization de-
cay was obtained from the calibration curve prepared earlier.Figure 2 Effect of potassium peroxydisulfate concentration on
the removal efﬁciency of RY84 (initial conditions were: dye
concentration, 5 ppm, pH, 4 and temperature, 30 C).An UNICO (USA) UV spectrophotometer (model-2001SUV)
was employed for absorbance measurements by using a quartz
cell of path length 1 cm. The calibration curve equation of
RY84 dye was obtained to be YRY84 = 13.8XRY84; R
2 =
0.996; where YRY84 is the solution absorbance at 226 nm and
XRY84 the RY84 concentration in mgL
1 and the range of con-
centration was 0–50 mgL1.
The color removal efﬁciency (g) was achieved by using this
formula:
gð%Þ ¼ Co  Ct
Ct
 100 ð10Þ
where Co and Ct are the initial concentrations and the concen-
tration of RY84 at reaction time t, respectively.
4. Results and discussion
4.1. Effect of initial potassium peroxydisulfate concentration
The initial concentration of peroxydisulfate plays an impor-
tant role as a source of free active radicals generation in decol-
orization process. The effect of peroxydisulfate dosage on the
decolorization of RY84 was examined at different initial potas-
sium peroxydisulfate concentrations when the initial dye con-
centration was 5 ppm and the initial pH was 4 (Fig. 2).
Increasing the initial concentration of peroxydisulfate from
1.0 · 103–4.0 · 103 M could improve the decolorization of
RY84 from 64.9% to 88.5% within 120 min of the reaction.
This observation agrees to the results of other studied reac-
tions(Oh et al., 2009; Sadik and Shama, 2002). It is reasonable,
since as the concentration of peroxydisulfate ion is increased,
more sulfate and hydroxyl radicals are available to attack
the aromatic rings and the decolorization efﬁciency increases.
4.2. Effect of initial dye concentration
The effect of initial RY84 concentration on decolorization efﬁ-
ciency with different initial concentrations 5, 10 and 20 ppm is
expressed in Fig. 3. The decrease in decolorization with
increasing initial RY84 concentration has been observed. As
increase of the RY84concentration takes place from 5 to
10 ppm, the decolorization efﬁciency decreased from 81.4%
to 39.4%. This is because a relatively low concentration of freeFigure 3 Effect of initial dye concentration on the removal
efﬁciency of RY84 (initial conditions were: peroxydisulfate con-
centration, 3 mM; pH, 4 and temperature, 30 C).
Figure 5 Second-order reaction kinetics for the decolorization of
RY84 by peroxydisulfate process (dye concentration,
5.23 · 103 mM; temperature, 30 C).
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the dye led to a decrease of the decolorization efﬁciency
(Sheng-Peng Sun et al., 2009). When the initial dye concentra-
tion is high, more free radical scavengers might be produced.
In addition, the competition among the free radical scavengers
and carbonaceous substances for free radicals would become
intense because of the nonselective reactivity of free radicals.
Considering the above factors, the color removal efﬁciency
could be decreased by increasing the initial concentration of
RY84.
Regression analysis based on the apparent ﬁrst and the
second-order reaction kinetics for the decolorization of
RY84 in peroxydisulfate decolorization process was conducted
and the results are shown in Figs. 4 and 5, respectively.
The apparent ﬁrst-order and second-order rate constants
ranged from 0.0103–0.0195 min1and 3.183–9.493 mM1min1
respectively. Comparing the results of regression coefﬁcients,
R2 was 0.99 based on the apparent second-order reaction
kinetics and 0.75 based on the apparent ﬁrst-order reaction
kinetics and showed that the decolorization kinetics of RY84
followed the apparent second-order kinetics. k2;app was in-
creased with increasing initial potassium peroxydisulfate con-
centration. Similar results were also obtained by former studies
(Sheng-Peng Sun et al., 2009). Khataee et al. investigated the
decolorization of Basic Blue by UV/peroxydisulfate treatment.
They described that the decolorization rate constant increased
with an increase for S2O
2
8 (Khataee and Mirzajani, 2010).
The relationship between the apparent (k2;app) and the true
rate constant (k2) may bedependent on the peroxydisulfate ion
concentration thus (Eq. 11):
k2;app ¼ k2CnS2O28 ð11Þ
The exponent, n, the order of reaction with respect to the oxi-
dant species, was obtained by plotting the logarithm of the
k2;app against the logarithm of the peroxydisulfate concentra-
tion, CS2O28
; as shown in Fig. 6. This yielded a value for n of
0.779 for the second order rate constant. Sadik et al. demon-
strated that, n, the order of reaction with respect to the UV/
Persulfate for decolorization of the azo dye Acid Black was
1.17 (Aleboyeh et al., 2003).
4.3. Effect of initial pH
The degradation reaction under different initial pHs was dis-
cussed. The values of the apparent rate constant of the sec-Figure 4 First-order reaction kinetics for the decolorization of
RY84 by peroxydisulfate process. (dye concentration,
5.23 · 103 mM; temperature, 30 C).ond-order kinetic equations (K2,app) for peroxydisulfate
oxidation of RY84 under various initial pHs (pH: 3, 4, 5, 6,
and 7) are presented in Table 1. The rate of RY84 degradation
was the highest at the lowest initial pH of 3, and it decreased
with an increase in pH. While in an acidic solution, additional
sulfate radicals could be formed from acid-catalyzation, as
shown in Eqs. (12) and (13), which could react with RY84 to
improve the degradation efﬁciency.
Under acidic conditions, formation of sulfate free radicals
can be catalyzed by protons as follows:
S2O
2
8 þHþ ! HS2O8 ð12Þ
HS2O

8 ! SO4 þ SO24 þHþ ð13Þ
With an increase in pH, sulfate radicals may react with OH to
form hydroxyl radicals, as shown in Eq. (14). Hydroxyl radi-
cals have a very poor reactivity with RY84 in aqueous solu-
tions. Therefore, in an alkaline solution, OH may play the
role of scavenger and results in a decrease in RY84 degrada-
tion rates.
SO4 þOH ! SO24 þOH ð14Þ
Criquet and Karpel Vel Leitner investigated the degradation of
acetic acid by UV/peroxydisulfate treatment. They reportedFigure 6 The inﬂuence of initial peroxydisulfate concentration
on the second-order rate constant (dye concentration,
5.23 · 103 mM; temperature, 30 C).
Figure 7 Effect of temperature on the decolorization of RY84.
(initial conditions were: peroxydisulfate concentration, 4 mM, dye
concentration,5 ppm and pH, 4).
Figure 8 Arrhenius plots for the decolorization of RY84. T is
temperature 293, 303, 313 and 323 K.
Table 1 Rate constants of peroxydisulfate oxidation of RY84
at 30 C under different pH values.
[RY84]0mM [S2O8
2]0 mM pH k2(mM
1min1) R2
5.23 · 103 2 3 5.346 0.993
5.23 · 103 2 4 5.297 0.994
5.23 · 103 2 5 4.594 0.991
5.23 · 103 2 6 4.466 0.992
5.23 · 103 2 7 4.343 0.998
648 M. Ahmadi et al.the reaction rate constant decreased with pH (Criquet and
Karpel Vel Leitner, 2009). It is reasonable, since as pH is in-
creased, the reaction among the sulfate radical and OH oc-
curred. In an alkaline solution, OH can act as a scavenger
of sulfate radicals to slow down the degradation reaction. It
was also in agreement with the ﬁnding of Huang et al. thatTable 2 Thermodynamic parameters for the RY84 decolorization
T(K) k2 (mM
1min1) DG (kJ/m
2 mM 3 mM 4 mM 2 mM
293.15 3.968 4.955 5.512 3.359
303.15 5.346 7.276 9.493 4.225
313.15 9.360 11.255 14.196 5.823
323.15 19.829 29.603 33.823 8.025increasing pH will decrease the reaction rate of methyl tert-bu-
tyl ether oxidation by persulfate (Huang et al., 2002).
4.4. Effect of temperature and thermodynamic research
The effect of temperature on the decolorization of RY84 was
studied at different temperatures of 20, 30, 40 and 50 C.
The results are shown in Fig. 7. Raising the temperature has
a positive impact on the decolorization of RY84. The decolor-
ization efﬁciency increased from 69.3% to 97.1% as an in-
crease of the temperature from 20 to 50 C was made.
Additionally, the time required for the decolorization was also
much shorter as at higher temperatures peroxydisulfate decol-
orization could be accelerated by raising the temperature
which improved the generation rate of OH and therefore en-
hances the decolorization of the dye (Sheng-Peng Sun et al.,
2009).
The kinetics modeling showed that the decolorization kinet-
ics of RY84 followed the apparent second-order model. The
second-order rate constants are expressed as a function of tem-
perature by the Arrhenius equation therefore the temperature
dependence of the kinetic parameters of peroxydisulfate pro-
cess was calculated by Eq. (15). The Gibbs free energy
(DG), for the peroxydisulfate process was also obtained using
Eq. (16) (Al-Rashed and Al-Gaid, 2012):
k ¼ A  exp  Ea
RT
 
ð15Þ
DGo ¼ RTlnk ð16Þ
where
A: The Arrhenius constant (mM1 min1)
T: The solution temperature (K)
Ea: The activation energy (kJmol
1)
R: The universal gas constant (0.0083 kJmol1).
Fig. 8 shows Arrhenius plots for the degradation of the
RY84. DGo values can be evaluated using Eq. (16) at various
temperatures (Al-Rashed and Al-Gaid, 2012). Thermodynamic
parameters for the degradation of the RY84 by proxydisulfate
are summarized in Table 2. A good linear relationship existed
in the plots of ln k2 versus 1/T (R
2 > 0.95). Gibbs free energy
change, the fundamental principal for the degradation sponta-
neity must be negative for a feasible degrardation to occur.
Negative DGo values showed that the peroxydisulfate process
was spontaneous in nature and that the degree of spontaneity
of the reaction increased with increasing temperature. This re-
sult also supported the suggestion that the resulting reaction
mechanism was energetically stable and that the rate of per-
oxydisulfate oxidation reaction primarily increased withby peroxydisulfate oxidation.
ol) Ea (kJ/mol)
3 mM 4 mM 2 mM 3 mM 4 mM
3.901 4.160 42.16 45.34 45.84
-5.002 5.672 – – –
-6.303 6.907 – – –
-9.102 9.460 – – –
Kinetics and thermodynamics of peroxydisulfate oxidation of Reactive Yellow 84 649increasing temperature. The activation energy values for initial
potassium peroxydisulfate concentrations of 2, 3 and 4 mM
were 42.16, 45.34 and 45.84 kJmol1 respectively. The results
show that the peroxydisulfate typically proceeds with low en-
ergy barrier. Sun et al. demonstrated that the activation energy
for p-nitroaniline degradation by Fenton oxidation is
53.96 kJ mol1 (Jian-Hui Sun et al., 2007). Results also
showed that apparent second order kinetic rates increased
among 1.2–2.5 times with an increase of every 10 C (Table
2). According to House (House, 1962; Huang et al., 2002),
the rate of that reaction doubles for a 10 C temperature inter-
val (from 295 to 305 K), only if the activation energy is about
50 kJmol1. Our results for the 42.16 to 45.84 kJmol1 of acti-
vation energy and for the temperature interval of 293–323 K
may be comparable regarding this rule.
5. Conclusions
The results of a detailed study on the kinetics and thermody-
namics of the RY84 decolorization by the peroxydisulfate oxi-
dation process are discussed. The inﬂuence of different
variables, including dye concentration, dosages of peroxydisul-
fate, and temperature has been studied. The optimum operating
conditions were selected as:CS2O28
: 4 · 103 mM, and a temper-
ature of 50 C. In the given conditions, more than 97.1% of
decolorization efﬁciency was achieved within 120 min. The ki-
netic studies showed that the decolorization of RY84 followed
the apparent second-order kinetics as well. In addition, it was
found that the rate constants of the apparent second-order
chemical reaction increased with the increasing of reaction tem-
perature and initial peroxydisulfate concentration, the activa-
tion energy, Ea, for the decolorization of RY84 by the
peroxydisulfate oxidation process was determined to be
45.84 kJmol1 at 4 mM initial concentration of peroxydisulfate.
The results showed that with increasing initial concentration of
peroxydisulfate the activation energy was also increased.Acknowledgments
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